ABSTRACT Aims Small cell lung cancer (SCLC) carries a poor prognosis, and the systemic therapies currently used as treatments are only modestly effective, as demonstrated by a low 5-year survival at only ∼5%. In this retrospective collected from March 2013 to study, we performed comprehensive genomic profiling of 98 small cell undifferentiated lung cancer (SCLC) samples to identify potential targets of therapy not currently searched for in routine clinical practice. Methods DNA from 98 SCLC was sequenced to high, uniform coverage (Illumina HiSeq 2500) and analysed for all classes of genomic alterations. Results A total of 386 alterations were identified for an average of 3.9 alterations per tumour (range 1-10). Fifty-two (53%) of cases harboured at least 1 actionable alteration with the potential to personalise therapy including base substitutions, amplifications or homozygous deletions in RICTOR (10%), KIT (7%), PIK3CA (6%), EGFR (5%), PTEN (5%), KRAS (5%), MCL1 (4%), FGFR1 (4%), BRCA2, (4%), TSC1 (3%), NF1 (3%), EPHA3 (3%) and CCND1. The most common non-actionable genomic alterations were alterations in TP53 (86% of SCLC cases), RB1 (54%) and MLL2 (17%). Conclusions Greater than 50% of the SCLC cases harboured at least one actionable alteration. Given the limited treatment options and poor prognosis of patients with SCLC, comprehensive genomic profiling has the potential to identify new treatment paradigms and meet an unmet clinical need for this disease.
Small cell lung cancer (SCLC) is a well-recognised histologic variant of lung cancer with a distinct histologic appearance and unique biology. [1] [2] [3] [4] SCLC is a neuroendocrine carcinoma with neurosecretory granules identified in the scant tumour cytoplasm on electron microscopy and positive immunostaining for neuropeptide antigens such as synaptophysin and chromogrannin.
1-4 SCLC accounts for approximately 16-18% of all newly diagnosed lung cancers in the USA which translates into approximately 30 000 new cases each year. 5 In comparison with non-small cell lung cancer (NSCLC), SCLC features a shorter doubling time, higher growth fraction, earlier development of widespread metastases, and strong 60-80% initial response rate to etoposidebased chemotherapy and radiation treatment. [1] [2] [3] [4] [5] However, the majority of SCLC patients suffer relapse of the disease within 3-6 months after cessation of therapy and feature a mean overall of just 6 months from the time of relapse. 5 For patients who do not respond to the front line chemotherapy, the overall survival is worse averaging only approximately 6 months from the time of diagnosis. [1] [2] [3] [4] [5] Moreover, the 5-year survival rate for all SCLC cases is only 5%. [1] [2] [3] [4] [5] As opposed to other types of primary lung cancer, most notably lung adenocarcinoma, well-defined genomic alterations and opportunities for targeted therapy for SCLC have not, to date been identified. We hypothesised that comprehensive genomic profiling of clinical SCLC samples by next generation sequencing (NGS) could identify genomic-derived drug targets of therapy for patients diagnosed with this aggressive malignancy in a single diagnostic test.
METHODS
Hybridisation-based capture of 3320 exons from 182 cancer-related genes and 37 introns of 14 genes commonly rearranged in cancer (previous version of the test) and 3769 exons from 236 cancer-related genes and 47 introns of 19 genes commonly rearranged in cancer (current version of the test) was applied to ≥50 ng of DNA extracted from 98 SCLC tumour specimens and sequenced to high, uniform coverage with a mean sequencing depth of 714× as previously described. 6 Consistent median sequencing depth was achieved by processing specimens according to optimised, locked down, standard operating procedures (SOP) on automated liquid handlers in a Clinical Laboratory Improvement Act (CLIA)-certified laboratory as previously described. 6 The study population consisted of 98 consecutive cases of SCLC collected from March, 2013 through February, 2014 for which tumour samples were submitted to Foundation Medicine for NGS assessment. Genomic alterations (base substitutions, small indels, rearrangements, copy number alterations) were determined and then reported for these patient samples. Actionable genomic alteration (GA) were defined as those identifying anticancer drugs on the market or in registered clinical trials. Local site permissions to use clinical samples were used for this study.
There were 60 female and 38 male SCLC patients (see online supplementary table S1) with a median age 60.7 years (range 35-82 years). By definition, all (100%) tumours were high grade of which 1 (1%) stage I, 2 (2%) stage II, 22 (23%) stage III and 72 (74%) stage IV tumours at the time Open Access Scan to access more free content of sequencing. The tissue samples sequenced originated from a biopsy of the primary SCLC in 48 (49%) of cases and from the following metastatic tumour sites in 50 (51%): regional lymph nodes (19 cases), liver (12 cases), brain (4 cases), pleura/pleural fluid (4 cases), chest wall (2 cases), mediastinum (2 cases), head and neck (2 cases), and 1 case each from the spine, trachea, small intestine, bone and soft tissue. The relative percentage of tumour cell nuclear area to benign stromal/non-tumoral nuclear area varied from a low of 20% to a high of 90%, with a mean of 52%.
RESULTS
All 98 SCLC (100%) specimens harboured at least one genomic alteration with 386 total alterations identified for an average of 3.9 alterations per tumour (range 1-10). There were no observed differences in the quality of the sequencing results among the multiple different types of tissue samples used for DNA extraction. Of the 386 total alterations, there were 200 base substitutions, 55 short insertions and deletions, 99 gene amplifications, 26 homozygous deletions and 6 rearrangements/ fusions. Ninety-six (25%) alterations were considered to be actionable with the potential to personalise targeted treatment. Fifty-two (53%) of cases harboured at least one actionable alteration (0.98 actionable alterations per the entire cohort of SCLC) including base substitutions, amplifications or homozygous deletions in RICTOR (10%), KIT (7%), PIK3CA (6%), CCND1 (3%) ( figure 1A,B) . Of the seven most commonly altered genes, only one gene (RICTOR) was considered to be actionable (table 1) . The most common non-actionable genomic alterations were alterations in TP53 (86% of SCLC cases), RB1 (54%) and MLL2 (17%).
DISCUSSION
The known genomic landscape of SCLC classically features high frequencies of RB1 and TP53 mutation which were recapitulated in this study. [7] [8] [9] [10] Additional alterations identified in this study involve a wide variety of recognised cancer-related genes, and impact a series of genomic pathways that have been previously linked to development and progression of SCLC. [7] [8] [9] [10] By comparison with other solid tumour types, including NSCLC, 11 the frequency of potentially actionable genomic alterations in SCLC is lower with an average of 0.98 actionable GA per patient. Around 50% of the SCLC patients in this series harboured at least one actionable genomic alteration. Not only does SCLC feature a lower frequency of actionability than other types of lung cancer such as adenocarcinoma, 11 the long tail of altered genes in SCLC and the resulting wide panorama of impacted mechanisms of tumour biology are highly complex. Additionally, given that only 25% of the altered genes in this series of SCLC cases are currently considered to be actionable, it is critical that the sequencing test used to assess the tumours for potential therapy targets be sensitive enough not to miss any of these important alterations. This finding necessitates that a broad diagnostic assay that can detect these genomic changes at a high degree of sensitivity from limited biopsy material be used to maximise targeted therapeutic options in an individual patient.
Of the seven most frequently altered genes in SCLC, the only potentially actionable gene in this group of alterations is RICTOR amplification which was found in 10 (10%) of SCLC cases ( figure 1A,B) . All 10 (100%) of the alterations of RICTOR in this study of SCLC were amplifications. An example of RICTOR amplification in SCLC is seen in case 45 (figure 2). RICTOR encodes the protein, RICTOR (rapamycin-insensitive companion of mTOR), an mTOR binding protein that interacts with mTOR in the complex mTORC2. 12 When all types of NSCLC are included, amplification of RICTOR has been found in 8-10% of cases, but there is no data for the frequency of RICTOR amplification in SCLC currently available (cBioPortal for Cancer Genomics, Oct 2013). Tumours with RICTOR amplification may be sensitive to inhibitors of mTORC2, the RICTOR-containing complex. 13 Numerous inhibitors that target both mTORC1 and mTORC2 complexes, as well as dual PI3K/mTOR inhibitors, are under preclinical and clinical investigation in multiple tumour types. 14 15 Additional potentially actionable alterations in this series of SCLC involved the KIT (multiple types of alterations in 7% of SCLC) and EGFR (base substitutions in 5% of SLCL) genes. KIT mutations in SCLC are rare and have been reported only in 2.1% in the COSMIC database (COSMIC, January 2014). KIT 
SCLC, Small cell lung cancer.
protein expression has been reported in 36.4-83.3% of SCLC samples. 16 17 A number of tyrosine kinase inhibitors that target KIT have been successful for patients with various KIT-mutated solid tumours. Additionally, PI3K inhibitors and mTOR inhibitors, may have potential for treatment of a tumour with either a KIT amplification or activating mutation. The combination of first-line kinase inhibitors with MEK, PI3K, or mTOR inhibitors, or new therapies such as switch kinase inhibitors, may be a useful strategy to target kinase inhibitor-resistant tumours. EGFR mutations have been reported in 2-5% of SCLC (COSMIC, February 2014). 18 19 Although activating mutations in EGFR have been shown to confer sensitivity to EGFR tyrosine kinase inhibitors such as erlotinib, gefitinib and afatinib in NSCLC, [20] [21] [22] [23] studies showing responsiveness to gefitinib or erlotinib in EGFR-mutated SCLC have been limited. 24 25 SOX2 amplification was detected in 4% of SCLC in the current study. SOX2 encodes SOX2, a transcription factor described as a 'lineage survival' oncogene and SOX2 expression may be associated with resistance to cytotoxic chemotherapy. 26 This result is in contrast with the previously reported frequency of high-level SOX2 amplification which has previously been found in 27% (15/56) SCLC. 27 The presence of SOX2 expression does not appear to relate to prognosis or survival in patients with SCLC. 28 There are currently no therapies available to directly target SOX2 amplification in cancer. However, preclinical research suggests that SOX2 expression may predict sensitivity to inhibitors of Cdk4 and Cdk6. 29 In summary, high-sensitivity genomic profiling can discover potential new routes to targeted therapies in patients with SCLC who have relapsed after primary chemotherapy. Given the well-known poor prognosis for relapsed SCLC, further study of the detection of genomic alterations and the potential for targeted therapies to help these patients appears warranted.
Take-home messages
▸ A sensitive/validated next-generation sequencing assay can readily be performed on formalin-fixed paraffin embedded biopsies of patients diagnosed with small cell undifferentiated carcinoma of the lung. ▸ Fifty-two (53%) of small cell lung cancer (SCLC) cases harboured at least one actionable alteration with the potential to personalise therapy including base substitutions, amplifications or homozygous deletions in RICTOR (10%),
(3%), EPHA3 (3%) and CCND1. ▸ High-sensitivity genomic profiling can discover potential new routes to targeted therapies in patients with SCLC who have relapsed after primary chemotherapy.
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